Introduction {#S0001}
============

Hydroxyapatite (HA) is one of the most important bioactive ceramics used in medicine and dentistry, owing to its biocompatibility and osteoconduction properties.[@CIT0001],[@CIT0002] The controlled delivery of therapeutic substances by hydroxyapatite has been proposed as a viable approach to prevent and control inflammatory processes, chronic infections, and to enhance the endogenous healing capacity of bone defects, which ultimately result in the significant improvement of bone regeneration.[@CIT0003],[@CIT0004],[@CIT0005] The main limitation of HA ceramics is their high crystallinity, low adsorption capacity for drugs, and poor *in-vivo* bioabsorbability. Nanocrystaline hydroxyapatite (nHA) is an alternative to HA ceramics as a drug delivery carrier, owing to its high and reactive surface area, nanoscale porosity, and in vivo degradability.[@CIT0006] Several strategies have been developed to associate nHA with a large number of antibiotics, particularly tetracyclines,[@CIT0007],[@CIT0008] gentamicin,[@CIT0009],[@CIT0010] and vancomycin.[@CIT0011],[@CIT0012] The efficiency of the delivery system depends on the interaction of antibiotics with the nHA surface, scaffold porosity, antibiotic loading capacity on the nHA nanoparticles, and sustained release in the diseased defect.[@CIT0013] Apart from its therapeutic activity, nHA also acts as a bioactive matrix for newly formed bone, which may be improved with metal (Zn^2+^ and Sr^2+^) and carbonate substitution (CO~3~^2-^) in the apatite structure.[@CIT0014]--[@CIT0016]

Tetracyclines and its derivatives such as doxycycline, minocycline, and tigecycline associated with nHA have been proposed for the treatment of bone and oral infections, including marginal periodontitis, infected root canals, and periradicular abscesses.[@CIT0017]--[@CIT0020] The loading capacities of tetracyclines are sensitive to the microstructure and nanostructure of nHA[@CIT0021] and to the composition of the delivery vehicle. Previous in vitro studies have shown that the release of tetracyclines can be sustained for more than five days using i) calcium phosphate foams,[@CIT0022] ii) nHA microspheres with polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA),[@CIT0023],[@CIT0024] iii) biphasic calcium phosphate encapsulated in PCL, PLGA, and β-cyclodextrin (βCD),[@CIT0025] and iv) nHA associated with gelatine fibrils.[@CIT0026] Despite efforts to develop efficient delivery nHA devices, few studies have been conducted on the in vivo behavior of tetracycline-loaded nHA systems with regard to bone formation. Recently, Ding et al implanted a titanium screw coated with doxycycline-loaded HA in mice teeth and observed higher bone formation around the implant for the doxycycline-coated implants.[@CIT0027] According to the authors, the improvement of bone formation was related to the inhibitory effect of doxycycline on the inflammatory response.

In this study, alginate encapsulated nanocrystalline carbonated hydroxyapatite (CHA) microspheres were evaluated as a biomimetic device for the local delivery of minocycline to inhibit the growth of *Enterococcus faecalis*. Moreover, we investigated the in vitro cytocompatibility and in vivo biocompatibility of the minocycline-loaded microspheres, and the effect of minocycline delivery on new bone formation.

Materials and Methods {#S0002}
=====================

Carbonated hydroxyapatite preparation {#S0002-S2001}
-------------------------------------

Nanocrystalline carbonated hydroxyapatite (CHA) powder was prepared by the drop-wise addition of aqueous extra-pure calcium nitrate tetrahydrate \[Ca(NO~3~)~2•~4H~2~O\] (Merck^®^), dihydrogen ammonium phosphate \[(NH~4~)2HPO~4~\] (Merck^®^), and ammonium carbonate \[(NH~4~)2CO~3~\] (Merck^®^). The reagents were mixed and maintained at 37°C for 2 hrs at pH 9 in the presence of KOH (Merck^®^). The calcium and phosphorous concentrations were determined from the wavelength-dispersive X-ray fluorescence (WDXRF) using a PW 2400 Sequential Wavelength X-Ray Spectrometer (Philips Analytical X-Ray, Almelo, Netherlands) at 3.0 KV. The samples were prepared by fusion with lithium tetraborate (Li~2~B~4~O~7~).

Minocycline adsorption onto carbonated hydroxyapatite {#S0002-S2002}
-----------------------------------------------------

The adsorption of minocycline (MINO) onto the CHA was performed according to the procedure described by Soriano-Souza et al[@CIT0028] Briefly, CHA was incubated in 0.15% minocycline hydrochloride (Sigma-Aldrich) phosphate-buffered saline (PBS, pH 7.4) solutions at a proportion of 50 mg CHA/mL MINO for 24 hrs. After incubation in the MINO solutions, the powder was centrifuged at 6,000 RPM for 5 mins, slightly washed for 1 min to remove the physically adsorbed MINO fractions, dried using the freeze-lyophilization method for 24 hrs and sterilized by gamma-rays (15 kGy). The concentration of the MINO adsorbed onto the CHA surface was determined using UV-Vis spectrophotometry at a wavelength of 245 nm (UV-Vis 2550 Spectrophotometer, Shimadzu Corp.)

Preparation of carbonated hydroxyapatite microspheres {#S0002-S2003}
-----------------------------------------------------

CHA powders with or without MINO were gently dispersed in a 10 mg/mL aqueous solution of sodium alginate (Fluka Biochemika, Buchs, Switzerland) to achieve a 1:15 alginate-CHA ratio. The alginate/CHA mixture was extruded drop-wise into a 0.35 M CaCl~2~ solution at room temperature using a needle with a diameter of 0.70 mm (BD Precision Glide, Sao Paulo, SP, Brazil). Spherical particles instantaneously formed and were allowed to mature in the CaCl~2~ solution for 15 mins, for gelation to occur. The CHA-alginate microspheres were dried using the freeze-lyophilization method for 24 hrs and sterilized by gamma rays (15 kGy). Additionally, the microspheres were characterized by X-ray diffraction (X'Pert Pro X-Ray diffractometer) and Fourier transform infrared spectroscopy (IR Prestige Series 21), respectively. The specific surface area of the microspheres was determined by the BET method using the ASAP 2020 instrument (Micromeritics Instrument Corp., Norcross, USA). The morphology of the implants was investigated using scanning electron microscopy (SEM; JEOL JSM 5310).

Physico-chemical characterization of experimental biomaterials {#S0002-S2004}
--------------------------------------------------------------

The structure and crystallinity of CHA were analyzed using a Fourier transform infrared spectrophotometer (FTIR) (IRPrestige-21, Shimadzu, CBPF-RJ) in transmission mode from 400 to 4,000 cm^−1^, and X-ray diffraction (XRD) (X'Pert Pro X-Ray diffractometer, PANanalytical) operating with CuKα radiation (1.5418 Å) at 40 kV and 40 mA. The XRD data were compared with the standards of file 9--432 from the International Centre for Diffraction Data (ICDD) using the PCPDF Win 2.1 software. The Brunauer, Emmett, and Teller Method (BET) was used to determine the CHA microsphere surface area and nanoporosity using an ASAP 2020 Accelerated Surface Area and Porosimetry Analyzer (Micromeritcs, USA). Synchrotron radiation-based X ray microtomography (SR-μCT) was used to characterize the internal structure of the CHA microsphere. The samples were analyzed with a micro X-ray scanned at the high-resolution imaging beamline (IMX) at the Brazilian Synchrotron Light Source (LNLS). The samples were illuminated by a polychromatic beam (4--24 keV) and a 550 µm Si filter was positioned before the sample to reduce the beam hardening effect.[@CIT0029] Moreover, 1,001 projections were captured using a CCD camera (PCO.2000), and a 10X lens was used to magnify the image and obtain a pixel size of 0.82 µm. The experiments were performed in contrast mode and the count mode was used to guarantee the same flux on all projections, because the beam current had a half-time of 12 hrs and changed considerably during the experiment (typically, one full three-dimensional (3D) scan takes 45 mins). A fast backprojection algorithm was used to reconstruct the data, whereas Avizo 9.5,[@CIT0030],[@CIT0031] which is a 3-D visualization software, was used to filter, segment, and analyze the images and determine the internal pore distribution and equivalent pore diameter.

Minocycline in vitro release assays {#S0002-S2005}
-----------------------------------

MINO release assays were carried out in vitro by incubating the alginate encapsulated minocycline-loaded nanocrystalline carbonated hydroxyapatie (CHAMINO) microsphere samples in PBS for up to 10 days. Briefly, 100 mg of CHAMINO microspheres were incubated in 10 mL of pH 7.4 PBS at 37°C. The supernatant was collected at defined intervals of 1 to 60 mins at 1, 3, 5, 7, and 10 days. A new aliquot of PBS was added for each day interval up to 10 days when the final sample was collected. Then, the amount of the released MINO was determined using UV-Vis spectrophotometry at 245 nm (UV-Vis 2550 Spectrophotometer, Shimadzu Corp.).

Microbiological assays {#S0002-S2006}
----------------------

The antimicrobial activity tests were based on standard dilution methods published by the National Committee for Clinical Laboratory Standards.[@CIT0032] Briefly, *E. faecalis* (ATCC 29212), which are able to survive various stresses and hostile environments, were grown from frozen stocks in trypticase soy broth (TSB; Plast Labor, Rio de Janeiro, RJ, Brazil). The cultures were freshly prepared for each experiment and diluted to 0.5 of the McFarland turbidity standards, to approximately 1.5×10^8^ cells/mL. The bacteria were incubated in TSB containing CHAMINO microspheres (25 mg CHAMINO/mL to 0.012 mg CHAMINO/mL concentrations), at 1, 3, 5, and 7 days before and after the released tests. The minimum inhibitory concentrations (MIC) were determined using standard dilution methods (1:1 to 1:2,048). To evaluate the ability of growth inhibition, after 18 hrs, the broth turbidity was measured using a UV spectrophotometer at 595 nm (UV-VIS 2550, Shimadzu, Japan). The MIC values were defined by the lowest dilution to keep the culture medium free of turbidity. All tests were conducted in triplicate.

Cell culture experiments {#S0002-S2007}
------------------------

Osteoblast cells from the periosteum-free fragments of murine femurs (F-OST) were used in this study.[@CIT0033] The cells were cultured in Dulbecco's modified essential medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO~2~. Semi-confluent cells were trypsinized, counted in a Neubauer chamber, and used in all experiments. Control samples were cultured in 13-mm Thermanox coverslips (Thermo Scientific Nunc Inc., Rochester, USA) pre-coated with 0.1% porcine gelatin.

Cytocompatibility assay {#S0002-S2008}
-----------------------

A cell viability assay based on the ISO 10993--5:2009 protocol was conducted after exposing the F-OST osteoblastic cell to the extract of each material (CHA powder, CHA microspheres, CHAMINO powder, and CHAMINO microspheres) to determine whether the alterations in the cell behavior were associated with the release of MINO.[@CIT0034] The conditioned media extracts were prepared by mixing 100 mg of each material with 1 mL of DMEM medium under slow agitation at 37°C for 24 hrs. The cells were seeded into 96-well culture plates with a density of 8×10^3^ cells/well, and incubated in the presence of the extracts for 24 hrs at 37°C under 5% CO~2~. The cells cultured in the DMEM medium supplemented with FBS were used as a negative control (C-), and a 1% sodium dodecyl sulfate (SDS) and MINO 0.25% solution was used as the positive control (C+; MINO). At the end of the incubation period, the cells were washed with PBS, and viability tests were carried out. After sample exposure, the cell viability was determined using PrestoBlue^®^ (PB) reagent (InvitroGen, USA). The reagent is a solution based on resazurin (7-hydroxy-3H-phenoxazine-3-one-10-oxide), and the viable cells reduce this compound to resafurin through a process accompanied by the color and fluorescence changes detected in the solution at 590 nm. Briefly, after incubation, 10 μL of reagent PB was added to each well of a 96-well plate containing 90 μL of media and osteoblastic cells. The plate was incubated for 10 min at 37°C and 5% CO~2~ under a humidified atmosphere. Then, the cell viability was determined by measuring the resulting fluorescent signal.

In Vivo biocompatibility assays {#S0002-S2009}
-------------------------------

### Animals and surgical procedures {#S0002-S2009-S3001}

All procedures were carried out in accordance with the conventional guidelines in the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health 85--23, revised 1996) and were approved by the local Institutional Animal Care and Use Committee of the Federal Fluminense University, Niteroi, Brazil (protocol number 50). This study is reported according to the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments) with regard to the relevant items.[@CIT0035] Three-month-old male Wistar rats weighing approximately 250 g were kept under standard conditions with free access to food and water. A total of 20 animals were divided into 2 groups and investigated after 2 experimental periods (7 and 42 days). All animals were anesthetized with ketamine (20 mg/kg) (Virbac, Jurubatuba, SP, Brazil) and xylazine (1 mg/Kg) (FortDodge, São Cristovão, RJ, Brazil). The surgical area was scrubbed with a sterile gauze soaked with 1.2% chlorhexidine, rinsed with sterile water, and then draped. Subsequently, the syndesmotomy of the periodontal tissue was performed using a syndesmotome (Duflex^®^, Rio de Janeiro, Rio de Janeiro, Brazil), and the upper-right incisor was extracted with a clinical probe adapted to this tooth. The dental alveolar sockets were grafted either with nanocrystalline carbonated hydroxyapatite microspheres (CHA group, n=10) or with CHA incorporated with MINO (CHAMINO, n=10), and sutured with a 5--0 nylon interrupted suture. (Johnson & Johnson Medical Ltd., Blue Ash, Ohio, United States). At 7 and 42 days after implantation, the animals were euthanized with an overdose of the anesthetic solution and the samples containing the biomaterials were removed and fixed in 4% buffered formalin at pH 7.0. The specimens were decalcified in a fast bone demineralization solution (Allkimia Ltda., Campinas, Brazil) for 48 hrs, washed for 1 hr, dehydrated in ethanol (Vetec Química Fina Ltda., Duque de Caxias, Brazil), clarified in xylol (Vetec Ltda.), and embedded in paraffin (Vetec Ltda.).

### Histological and histomorphometric analysis {#S0002-S2009-S3002}

Decalcified paraffin sections (thickness of 5 µm) were stained with hematoxylin-eosin (HE) and investigated by a pathologist who was experienced in the field of biomaterial biocompatibility but did not have knowledge of the tested animal groups (blind analysis). A descriptive analysis comparing the intra- and intergroup biological responses was based on the type and intensity of the inflammatory alterations and repair processes (fibrosis, new blood vessels, and osteogenesis). Photomicrographs were obtained through a computer software (Olympus CellSens Platform) communicating with an optical microscope (Olympus BX 43, Tokyo, Kanto, Japan).

For histomorphometric analysis, a light microscope (Olympus BX 43, Tokyo, Kanto, Japan) with 10X magnification was used. The microscope was connected to a computer and each HE-stained histological slice corresponding to the alveolar region was captured through scanning and an image acquisition software (Cellsens^®^ 1.9 Digital, Tokyo, Kanto, Japan). One expert observer analyzed ten non-consecutive images from each section. Using the Image-Pro Plus^®^ 6.0 software (Media Cybernetics, Silver Spring, Maryland, USA), a grid of 200 points was superimposed onto the captured field, which allowed us to determine the newly formed bone and residual biomaterial. The bone volume density (BV/TV%) was calculated by the bone volume over the total volume, which indicates the fraction of the volume of interest that was occupied by bone. The same method was applied to calculate the biomaterial volume density (BiomatV/TV%) and the volume density of the connective tissue (CT/TV%). The calculated areas were expressed as a percentage.

### Statistical analysis {#S0002-S2009-S3003}

After the normality test, histological and histomorphometric analysis, a quantitative description, including the mean and confidence interval (CI) of BV/TV% and BiomatV/TV%, was performed. Analysis of variance was conducted using two-way ANOVA and Tukey's post-hoc test. Additionally, the two assignable sources of variation, groups, and periods, were evaluated. The significance level was set to *p*=0.05. The analyses were performed using the Prism Graph Pad^®^ 6.3 software (GraphPad Software Inc., La Jolla, California, USA). For the cytocompatibility evaluation, the mean values and standard deviation for each test were calculated, and ANOVA with Dunnett's test was performed. The significance level was set to 99.9% (*p*\<0.001).

Results {#S0003}
=======

The CHA powder exhibited an XRD pattern typical of the nanocrystalline hydroxyapatite phase, as shown in [Figure 1A](#F0001){ref-type="fig"}. The Fourier transformed infrared (FTIR) spectrum confirmed the formation of carbonated doped hydroxyapatite, as shown in [Figure 1B](#F0001){ref-type="fig"}. The apatite phosphate bands were observed at 1,092 cm^−1^ (ν~3~), 1,039 (ν~3~), cm^−1^, 957 cm^−1^, (ν~1~), 602 cm^−1^ (ν~4~), and 563 cm-1 (ν~4~), while the bands at 1,419 cm^−1^ and 1,458 cm^−1^ were assigned to carbonate groups occupying the phosphate sites in the apatite structure. The calcium for the phosphate ratio (Ca/P=2.070), which was determined by chemical analysis, reinforced the PO~4~^3-^ for CO~3~^2-^ substitution. The results obtained by BET analysis revealed that the CHA powder was composed of small aggregates consisting of CHA nanoparticles with a mean pore size of 2 nm to 94 nm and a specific surface area of 95 m^2^/g, as presented in [Table 1](#T0001){ref-type="table"}. The morphology of the CHA and CHAMINO microspheres was investigated using scanning electron microscopy, and it was revealed that the surfaces had different surface porosities, as shown in [Figure 2](#F0002){ref-type="fig"}.Table 1BET analysis of CHA powder: pore diameter, cumulative pore volume, and cumulative surface areaPore diameter\
(nm)Cumulative pore volume (cm^3^)Cumulative surface area (m^2^/g)94--680.1166.068--470.24115.347--320.35627.832--210.44141.621--130.50557.913--80.54274.08--50.55886.15--30.56189.93--20.56695.0[^1] Figure 1(**A**) X-ray diffractograms and (**B**) infrared spectra of CHA microspheres and minocycline-loaded CHA microspheres.**Abbreviation:** CHA, carbonated hydroxyapatite.Figure 2SEM micrographs of cross-section of (**A**) CHA and (**B**) CHAMINO microspheres, and (**C**) surface of CHA and (**D**) CHAMINO microspheres.**Notes:** (**A**) and (**B**) magnification =250X (scale bar=400µm); (**C**) and (**D**) magnification=10,000X (scale bar=10µm).**Abbreviations:** SEM, Scanning Electron Microscopy; CHA, Carbonated hydroxyapatite; CHAMINO, Minocycline-loaded nanocristalline carbonated hydroxyapatite.

The microspheres consisted of CHA nanoparticle (NP) agglomerates embedded in the biopolymer matrix. The gelling process and drying generated an irregular micro-roughness on the sphere surface, as shown in the SR-μCT image in [Figure 3A](#F0003){ref-type="fig"}. Additionally, SR-μCT analysis revealed that the internal sphere volume was occupied by CHA NP aggregates (63%) and interconnected micropores filled with alginate (23%), as shown in [Figure 3B](#F0003){ref-type="fig"}-D. The micropores had irregular morphology with an equivalent diameter of 14.8 μm ([Figures 3](#F0003){ref-type="fig"} and [S1](#SF0001)).Figure 3SR-µCT of CHA microsphere: (**A**) VR of microsphere with normalized orthoprojections; (**B**) orthoslice showing porous space inside the sphere; (**C**) VR of porous space inside sphere; (**D**) box representing individual pores of central microsphere region.**Abbreviations:** orthoslice, orthogonal slice; SR-µCT, synchrotron radiation-based X ray microtomography; CHA, carbonated hydroxyapatite; VR, volume rendering.

Minocycline release assays and microbiological assays {#S0003-S2001}
-----------------------------------------------------

The amount of MINO adsorbed on the CHA powder depended on the MINO initial concentration in the solution, the CHA mass, and the solution pH. The adsorption experiments were conducted with 1.5 mg/mL MINO in a PBS buffer solution (pH=7.4) containing 50 mg/mL of CHA powder. After incubation for 24 hrs, the amount of the antibiotic loaded onto the CHA powder was 25.1±2.2 µgMINO/mgCHA. The loss of MINO in the CHA power during the microsphere processing was approximately 40%. [Figure 4](#F0004){ref-type="fig"} shows the MINO release profile from the CHA microspheres loaded with 15.1±1.4 µgMINO/mgCHA, in the PBS buffer. The fast release of approximately 60% of the initial loaded MINO (9.1 µgMINO/mgCHA) was observed during the first 24 hrs. The remaining 6.0 µg MINO/mgCHA was continuously released during a period of 10 days, as shown in [Figure 4](#F0004){ref-type="fig"}.Figure 4Cumulative MINO (%) release from CHA microspheres in PBS; the MIC values (mg/mL) of the microspheres at 1, 3, 5, and 7 days before and after the MINO release are shown for the *E. faecalis* culture.**Abbreviations:** PBS, phosphate-buffered saline solution; MIC, minimum inhibitory concentrations.

Microbiological assays were performed to evaluate the effects of minocycline-loaded CHA microspheres on the growth of *E. faecalis*. The minimum inhibitory concentration (MIC) was estimated using a standard dilution method from 25 mg of CHA microspheres loaded with 15 μg MINO per mg of CHA incubating in 1 mL of *E. faecalis* culture. As shown in [Figure 4](#F0004){ref-type="fig"}, the bacterial growth was inhibited with 0.2 mg of minocycline-doped CHA microspheres. This corresponded to the antibacterial effect (MIC) exerted by 3 μg of MINO in 1 mL of *E. faecalis* culture. A similar MIC assay was performed using minocycline-loaded microspheres after incubation in the PBS for 1, 3, 5, and 7 days. The results presented in [Figure 4](#F0004){ref-type="fig"} reveal that the CHA microspheres were biologically active for the samples subjected to desorption for up to 7 days. The equivalent CHAMINO mass for inhibiting the bacterial growth was 0.8 mg, 3.1 mg, and 12.5 mg after incubation for 1, 3, and 7 days in the PBS buffer.

Osteoblast cytocompatibility assay {#S0003-S2002}
----------------------------------

The F-OST osteoblastic cell culture was exposed to a medium containing pure MINO, and to a medium containing CHA and CHAMINO powder extracts and CHA and CHAMINO microspheres, as described in the materials and methods section. As shown in [Figure 5](#F0005){ref-type="fig"}, after the cells were exposed to the CHA (powder) extract, the cell viability had a value similar to that of the negative control. Moreover, the CHAMINO (powder) extract exhibited cytotoxicity at the same level of the positive control, which reduced the cell viability by 90%, and at levels similar to those induced by the 0.25% solution of MINO in the F-OST osteoblastic cell culture. However, the cell viability was not affected by the CHA and CHAMINO (microsphere) extracts, which suggests that the alginate somehow protected the fast antibiotic release, and therefore prevented a preliminary drug burst that could impair the viability of the cell.Figure 5In vitro cell viability using F-OST cells cultured in extracts obtained from CHA and CHAMINO powders and microspheres. Cells seeded over Thermanox coverslip DMEM medium supplemented with 10% FBS were used as the negative control (C-), and 1% sodium dodecyl sulfate (SDS) and MINO 0.25% were used as the positive control, respectively (C+; MINO). Statistical analysis consisted of one-way ANOVA with Dunnett's post hoc test (\**p*\<0.001).**Abbreviations:** DMEM, Dulbecco's modified essential medium; FBS, fetal bovine serum; SDS, sodium dodecyl sulfate.

Histological analysis {#S0003-S2003}
---------------------

Morphological analysis was carried out using a light microscope after the hematoxylin-eosin staining. [Figures 6](#F0006){ref-type="fig"} and [7](#F0007){ref-type="fig"} show the representative alveolar socket photomicrographs from each implanted biomaterial at 40X magnification. The histological images revealed that the spheres began to degrade during the first implantation period. As shown in [Figures 6](#F0006){ref-type="fig"}, [7](#F0007){ref-type="fig"}, and [S2](#SF0002), some spheres degraded while others remained intact. After implantation for 42 days, all spheres, CHA, and CHAMINO, were completely degraded. By analyzing the histological images from all implanted periods, we concluded that the CHA and CHAMINO materials exhibited similar degradation behavior. After 7 days, both groups exhibited a mild inflammatory response, which mainly consisted of mononuclear cells, blood vessels of different calibers, and loose connective tissues around the particles, with collagen fibers randomly dispersed in the area. After 7 days, a large area of biomaterial surrounded by connective tissue with abundant hemorrhagic exudate ([Figure 6A](#F0006){ref-type="fig"}) was observed in the control group. The CHAMINO group exhibited a few trabeculae of newly formed bone with an osteoblast pavement at the periphery and interspersed by connective tissue containing new-formed vessels and fragmented biomaterial ([Figure 6B](#F0006){ref-type="fig"}). New bone formation occurred only in contact with the residual bone walls.Figure 6(**A**) One-week CHA and (**B**) CHAMINO groups. After 7 days of implantation, the presence of biomaterial microspheres was observed (**B**) surrounded by connective tissue (CT) and with newly formed bone in the CHAMINO group (\*). Magnification: 40X; Stain: Hematoxylin and Eosin.Figure 7Six-week (**A**) of nanocrystalline carbonated hydroxyapatite (CHA) and (**B**) minocycline-loaded nanocrystalline carbonated hydroxyapatite (CHAMINO) groups. After 42 days of implantation, the residual particles of the biomaterial microspheres were observed surrounded by newly formed bone and connective tissue areas in both groups. Magnification: 40×; Stain: hematoxylin and eosin.**Abbreviations:** CT, connective tissue; B, biomaterial; NFB, newly formed bone.

After 42 days, the alveolar socket of both groups was approximately filled by newly formed bone interspersed by connective tissue and remnant hemorrhagic exudate. Inflammatory cells and multinucleated giant cells were rare and localized to the periphery of the CHA and CHAMINO particles, and new bone was observed around the particles ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). However, most of the particles in the CHA group were surrounded by connective tissue with reduced bone-to-particle contact, which suggests a less robust bone repair process in comparison with the CHAMINO group. At high magnification, it was observed that the trabeculae periphery was surrounded by a large osteoblast pavement. Both biomaterial groups exhibited a reduction in the biomaterial amount compared with the seven-day period. Regions of newly formed bone surrounding the spheres were observed in the CHA group. A reduction in the amount of discernible CHA microspheres was observed between 7 and 42 days. Moreover, it was observed that a considerable amount of newly formed bone surrounded the spheres and the biomaterial particles. Moreover, the final amount of residual graft particles in the CHA group observed after 42 days was similar to that of the CHAMINO group after the same amount of days. In the CHAMINO group ([Figure 7B](#F0007){ref-type="fig"}), the newly formed bone appeared to be higher than that in the CHA group ([Figure 7A](#F0007){ref-type="fig"}).

Histomorphometric analysis {#S0003-S2004}
--------------------------

The bone formation was limited to 7 days after the extraction procedure, and the differences between the CHA and the CHAMINO were not significant (*p*=0.04). The results obtained by histomorphometric analysis revealed an increase of BV/TV% in both groups between 7 and 42 days after surgery ([Figure 8](#F0008){ref-type="fig"}). This indicates a time-dependent increase of BV/TV% throughout the experimental period (*p*\<0.05). The bone regeneration underwent a significant (4-fold) enhancement in the CHAMINO group (*p*=0.001). As expected, both groups exhibited residual particles of grafted material at 7 days after surgery, without significant differences between the groups (*p*=0.48). A time-dependent biosorption was observed for both groups, as documented by a significant decrease in the BiomatV/TV% of CHA at 42 days after surgery compared with that after 7 days (*p*\<0.01). Similar results were obtained for the CHAMINO group (*p*\<0.01). CHAMINO had significantly more residual BiomatV/TV% at 42 days after healing (*p*\<0.01).Figure 8Histomorphometric evaluation of extraction sites following implantation of nanostructured carbonated hydroxyapatite microspheres. Connective tissue (green); biomaterial (yellow); newly formed bone (blue); other (orange).

Both groups exhibited varying amounts of connective tissue at 7 days after surgery, and differences were detected between both groups (*p*=0.10). A time-dependent reduction in the connective tissue volume was observed for the CHAMINO group, as documented by a significant decrease in the CT/TV% at 42 days after surgery compared with that after 7 days (*p*\<0.01). Curiously, the CHA group exhibited increased amounts of connective tissue throughout the experimental period (*p*\<0.01), with significantly more CT volume than CHAMINO after 42 days (*p*\<0.01).

Discussion {#S0004}
==========

Antibiotics associated with ceramic and non-ceramic hydroxyapatite scaffolds have been proposed for the treatment of infections in bone lesions caused by trauma and degenerative diseases. The advantage of the antibiotic loaded-HA is that it acts simultaneously on the infected defect and the repair of the injured bone. The nanostructured scaffolds allow a more substantial loading of the antibiotic and the faster bio-resorption of the biomaterial. However, the remaining challenge can be summarized in three points: the control of antibiotics during the in vivo release, the duration of the bactericidal activity in the injured defect, and the loaded biomaterial toxicity. The scaffold design and its physicochemical characteristics (composition, stoichiometry, microporosity and nanoporosity, and the surface chemical affinity with the antibiotic and bioabsorption) are crucial elements for its biological effects.[@CIT0003],[@CIT0007]

For the treatment of serious infections, such as osteomyelitis, it is necessary to have a long therapeutic time, and expressive bone repair is needed. Antibiotics belonging to the tetracycline family (tetracycline, doxycycline, and minocycline) have demonstrated a high potential for clinical use when associated with HA.[@CIT0022] The results obtained by the in vitro experiments revealed that tetracycline-loaded HA/polymer composites increase the proliferation and differentiation osteoblasts and reduce the inflammatory processes.[@CIT0018] Although several studies have reported that tetracycline acts on the biochemical mechanisms of bone formation, we do not yet have reliable evidence demonstrating the effect of the antibiotic loaded HA on bone regeneration.

This study demonstrated that MINO was successfully adsorbed on nanocrystalline carbonated hydroxyapatite (CHA) powder. The CHA powder had a high specific surface area, which enabled the adsorption of a large amount of MINO per apatite mass (25.1 μg MINO/mg CHA). Despite the weak chemical interaction of the MINO molecule with the CHA surface, the antibiotics were probably trapped by the nanoporosity of the primary agglomerates of the CHA nanoparticles.

Biocompatible CHA microspheres have previously been used as the graft material in bone regenerative therapies, and good results have been obtained.[@CIT0036]--[@CIT0039] These studies have reported that microspheres degrade and are substituted by new bone during the healing stages of the alveolar extraction socket defects in rats. In this study, the microsphere was processed from a mixture of minocycline-loaded CHA powder and soluble biopolymer sodium alginate. The microsphere surface had a smooth roughness that enabled the bone cell attachment. The microsphere interior was composed of CHA NP aggregates bound to the alginate network. BET and μCT analyses revealed that the microsphere had a high specific surface area (72 m^2^/g) and microporosity and nanoporosity, which would be entirely available for biological fluids after the alginate dissolution in vivo ([Table 1](#T0001){ref-type="table"}).

The MINO release from the CHA microspheres in the PBS buffer solution had a similar behavior as other antibiotics associated with the hydroxyapatite surface. In the first 24 hrs, 40% of the weakly bond minocycline was released from the large CHA pores. The molecules trapped to very small pores (\<94 nm) were probably responsible for the slow release of 60% of the MINO mass that occurred during a period of 10 days. It is worth noting that the release profile of the CHA microsphere was not significantly different to the powder (results are not presented).

The in vitro antimicrobial activity of the CHAMINO microspheres was tested against *E. faecalis*, which is one of the most commonly isolated or detected species in oral infections, including marginal periodontitis, infected root canals, and periradicular abscesses.[@CIT0040] According to the MIC evaluation, 0.2 mg of CHA loaded with 3 μg of MINO associated with 1 mg of CHA microspheres was necessary to inhibit the growth of *E. faecalis*. The results obtained by the desorption experiments in the PBS buffer revealed that the MINO release from microspheres achieved 75% and 95% of the initial loading mass after 3 and 7 days, respectively. This fast withdrawal from the microsphere led to a 15.5- and 60-fold decrease of the bacterial inhibition (MIC) in 3 days and 7 days of incubation in the PBS buffer, as shown in [Figure 5](#F0005){ref-type="fig"}. These results suggest that the MINO associated with CHA may constitute an antibacterial drug delivery system with a positive potential in treating intra-oral infections.

In vitro and in vivo biocompatibility assays were carried out to estimate the effects of MINO association with CHA on bone regeneration. The data obtained in this study demonstrate that the extracts of CHAMINO did not have negative effects on the osteoblastic cell viability. This conclusion is in accordance with previous studies, which have demonstrated that tetracyclines, and particularly minocycline, do not affect osteoblastic cell survival and proliferation.[@CIT0017],[@CIT0018],[@CIT0025]

The results obtained by the in vivo evaluation revealed an increase of new bone volume for all experimental periods. Interestingly, the bone regeneration underwent a significant 4-fold enhancement in the CHAMINO microspheres (70.7 versus 17.7%, respectively) after 42 days of healing. This unequivocally demonstrates the positive effects of MINO on the bone regeneration achieved by the CHA biomaterial. To the best of our knowledge, these effects of the locally delivered CHAMINO on bone healing and tissue engineering have not previously been reported. Data on the effects of MINO on bone metabolism and biology in vivo are scarce [@CIT0041] and demonstrate that the systemic oral administration of the MINO microspheres to ovariectomized rats increases the bone formation-related parameters and reduces the eroded bone surface,[@CIT0042] which is in accordance with the positive effects documented in this study.

Conclusion {#S0005}
==========

This study demonstrated that alginate encapsulated minocycline-loaded nanocrystalline carbonated hydroxyapatite (CHAMINO) microspheres have an antibacterial activity for *E. faecalis* and exhibit biocompatibility, bioabsorbability, and osteoconduction. These qualities suggest that this material may be promising for targeted antibiotic release in alveolar bone defects during periodontal surgical therapy. Moreover, CHAMINO may enhance the endogenous healing capacity of alveolar bone defects, which significantly improves the bone regeneration modulated by nanocrystalline carbonated hydroxyapatite (CHA). Further investigation is needed to optimize the minocycline delivery rate and understand the role of minocycline in bone regeneration.
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Figure S1Equivalent pore diameter distribution of nanocrystalline carbonated hydroxyapatite (CHA) microsphere determined by SR-µCT.**Abbreviations:** SR-µCT, synchrotron radiation-based X ray microtomography. Figure S2(**A**) One-week nanocrystalline carbonated hydroxyapatite (CHA) and (**B**) minocycline-loaded nanocristalline carbonated hydroxyapatite (CHAMINO) groups. After one week of implantation, the presence of non-degraded CHA microspheres was observed surrounded by connective tissue and with newly formed bone in the CHAMINO group. Magnification: 40×; stain: Hematoxylin and Eosin.**Abbreviations:** B, biomaterial; NFB, newly formed bone; CT, connective tissue.

[^1]: **Abbreviation:** BET, Brunauer, Emmett and Teller Method.
